At present, a large number of studies of biodiesel production process using simulation packages are being developed. In these studies, vegetable oils and biodiesels are characterized in the software through representative compounds because of they are not in the compounds database of commercial simulators. With the aim to achieve a successfully characterization in these kinds of software, some properties of the substances must be available. The normal boiling point (NBP) is the most important property due to the fact that this property along with group contribution methods allows other properties calculation such as, e.g., critical properties and temperature dependency properties. In this work, a thermogravimetric analysis (TGA) method for rapid measurement of normal boiling points of two triacylglycerols and four ethyl esters, i.e., triolein, tripalmitin, ethyl oleate, ethyl palmitate, ethyl linoleate and ethyl ricinoleate, was used. Nowadays, in the open literature exists few data available about ethyl esters properties; hence, the results obtained here will contribute in the proposal, analysis, and evaluation of ethyl esters (biodiesel) virtual plants using reliable simulation packages. In addition, a more accurate characterization of compounds and therefore more accurate simulation results can be obtained when they are used.
Introduction
Nowadays, the depletion of nonrenewable energy sources and environmental concerns have encouraged industry and research laboratories to propose an alternative fuel environmentally friendly. In this context, the biodiesel fuel is presented as a promising option. Biodiesel is a clean burning fuel produced from renewable sources such as vegetable oils, microbial oil, and animal fats [1] . It is composed by a mixture of fatty acid esters (commonly ethyl esters and methyl esters); therefore, its properties depend on the chemical composition of the raw material used for its production. Biodiesel use offers advantages such as its low toxicity, its renewable origin, and the reduction of waste emissions to the environment.
The normal boiling point is one of the major physicochemical properties used to characterize and to identify a compound [2] . This property is a fundamental characteristic of chemical com-pounds, and it is involved in many correlations used to estimate thermo-physical properties [3] . In the petroleum industry, the boiling point is an important parameter in diesel fuel control quality; for this reason, it is equally important to know the boiling point of biodiesel [4] . Additionally, the normal boiling point of a substance is very important in the simulation of systems behavior by means of mathematical models because of it is a key parameter for prediction of critical properties, i.e., Tc, Pc, Vc, and temperaturedependency properties such as vapor pressure, density, latent heat of vaporization, and viscosity [5] .
Currently, simulations of biodiesel production processes using commercial software are presented by some researches [6] [7] [8] [9] [10] [11] . In these studies, biodiesel and vegetable oils are characterized into the software by using representative compounds. These compounds are the substances in larger amounts in the mixture of esters and triacylglycerols that comprise the biodiesel and vegetable oils, respectively. Since these substances are crucial components in the simulation process and they are involved in operations requiring data for liquid and vapor equilibria, care must be taken in specifying into the simulator values for density, boiling point, critical temperature, pressure, and volume as accurately as possible [12] . Due to lack of experimental data for normal boiling point and critical properties of triacylglycerols, methyl, and ethyl esters in the open literature, these simulation studies use group contribution methods such as Gani and Joback for its estimation [13] . However, the use of these methods could be a source of uncertainties and errors.
Goodrum and Siesel [14] developed a rapid thermogravimetric analysis (TGA) method for measuring the boiling point of various organic compounds. The basis of this method consists in placing the sample in a small, sealed capsule with a hole vent in the top. As the TGA sample reaches the boiling point, it is assumed that vapor-liquid equilibrium is established inside the capsule. The hole vent permits vapor pressure balance between the sample and the environmental pressure. The hole is small enough to restrict diffusion out of the sample container to a rate lesser than the vaporization rate inside the container; yet it is large enough to prevent selfpressurization. An inert diluent, a-alumina, is added in capsule to reduce the rate of vaporization before the boiling point is reached and to reduce superheating tendencies [15] . This method presents an accuracy of ±5%, is fast, and requires a little quantity of sample [4] .
A plot of a TGA experimental run is given in Fig. 1 . Here, the boiling point is taken as the onset of isothermal boiling according with Goodrum and Siesel [14] . Since the method proposed by Goodrum and Siesel [14] was based on weight-loss of the sample as it began to boil, the onset of isothermal boiling is the intersection of the tangent of the isothermal weight-loss slope with initial base line. The dotted lines in Fig. 1 illustrate the use of this method. The TGA software was used to instantly and accurately draw the tangent lines and compute the boiling temperature.
The ethyl esters can be obtained as a 100% renewable fuel. The use of bioethanol instead of methanol in the biodiesel production process confers this desirable feature to the fuel, since today methanol is derived from nonrenewable sources. For this reason, the selection of the substances to be analyzed in this work was performed with the purpose of promoting and supporting the studies of production and use of ethyl esters as fuel.
In this work, the boiling points of two triacylglycerols (triolein and tripalmitin) and four ethyl esters (ethyl oleate, ethyl palmitate, ethyl linoleate, and ethyl ricinoleate) were determined using this methodology. Furthermore, in order to assess the accuracy of the method proposed by Goodrum, two substances with known boiling point, i.e., isoamyl alcohol and methyl laurate, were examined.
Finally, the experimental results were compared with results obtained using the Gani and Joback group contribution method and with data reported in the Aspen plus V7 compounds database.
Material and methods
Thermogravimetric analysis (TGA) data were obtained using a Shimadzu TGA -50. All measurements were conducted at Campinas ambient pressure (709.20 mm of Hg) using a 50 ml/min Nitrogen purge flow and 10°C/min as heating rate. This heating rate value enables to detect whether some irregular situations arise in the experiment. Approximately, 7.0 mg samples (±2.0 mg) were placed in 40-lL pans obtained from the Mettler Toledo (Brazil).
To assist in achieving isothermal boiling, 1.00 mg (±0.2 mg) of aalumina (standard grade) was added to the sample. The pans were sealed with drilled lids using a Mettler Toledo pressing device to form a capsule. The diameter of the lids openings was in the 0.25-0.31 mm range. Finally, these capsules were introduced in the TGA equipment.
Normal boiling point data were acquired for pure triolein (99 wt%,), tripalmitin (97.5 wt%), ethyl oleate (99 wt%), ethyl palmitate (99 wt%), ethyl linoleate (99 wt%), ethyl ricinoleate (99 wt%), and methyl laurate (99 wt%), all of them supplied by Sigma Aldrich Co. (St. Louis, MO) and for isoamyl alcohol (reagent grade) obtained from Baker Chemical (Phillipsburg, NJ). The a-alumina (standard grade) was supplied by Shimadzu.
The prediction of the normal boiling point values for the triacilglycerols and ethyl esters using the Joback and Gani methods was accomplished by using the Aspen plus V7 commercial simulator [5] .
Results
Initially, with the aim of assessing the accuracy of the TGA method, two substances with known boiling point, i.e., isoamyl alcohol and methyl laurate, were examined. All measures were performed in triplicate. For these results, a statistical analysis was realized and its confidence level was determined. The confidence level was calculated by Eq. (1) as follows: where X, t, s, n, represents the measures average, the student t factor with two degrees of freedom and 90% of confidence, the standard deviation and the number of measures respectively. The results acquired in this study were obtained at Campinas pressure (709.20 mm Hg) [16] . Therefore, it was accomplished a correction in temperature using the Sydney-Young equation (Eq.
(2)) to obtain the results at normal pressure (760 mm Hg) [17] .
Here, H is the correction in centigrade degrees to be added to the observed boiling point, t is the observed boiling point in centigrade degrees, and p is the barometric pressure in mm Hg. Table 1 presents the results obtained for the reference substances.
According to Goodrum and Geller [15] , in general, if two or three replicate runs agree within 6% or less of the average value, it suggests that one may have confidence in the accuracy of the results. If the TGA replicates have a larger variation than 6%, this often indicates that the aluminum capsules were not sealed correctly and that the sample may leak out or evaporate at excessive rates. Under these conditions, typically, a low value for the boiling point will be obtained.
The results obtained for the normal boiling point of methyl laurate and the Isoamyl alcohol confirms the accuracy of the TGA method for determining the boiling point of organic compounds. The normal boiling points reported in the literature for these substances are 262.0 and 132°C, respectively [18, 19] . A percentage error of 1.39 and 1.95 was calculated for each case using Eq. (3) as follows:
For the studied substances, triacilglycerols and fatty acid ethyl esters, the same procedure with the reference substances was followed. The confidence level and the temperature correction were calculated using Eqs. (1) and (2) respectively. In Table 2 are showed the results obtained. Table 3 exhibits the values of normal boiling points calculated using the Gani and Joback group contribution methods and the values founded in the compounds database of the Aspen plus V7 simulation software for each one of the substances studied here. Additionally, Table 3 shows the error percentage obtained from the comparison between experimental and calculated normal boiling points by Gani and Joback methods. Also, it is presented the error percentage from comparison between experimental normal boiling points and those reported in the Aspen plus V7 compounds database.
The error percentage in Table 3 was calculated through Eq. (3). The results shown in Table 3 enable to observe that the higher error percentages are obtained when the values of normal boiling points that were calculated by Joback method are compared with values of normal boiling point acquired experimentally. Also, it can be observed that the lower error percentage is achieved when the Gani method is used for calculating the normal boiling point. The comparison between the experimental results and those reported in Aspen plus V7 database shows that the highest error percentage is obtained in the triacylglycerols case. It is necessary to state that the normal boiling points data reported in the Aspen plus database for the compounds: triolein, tripalmitin, ethyl oleate, ethyl palmitate, and ethyl linoleate were estimated using the NIST Thermo Data Engine (TDE). Additionally, the normal boiling point Also, it is important to remark that in a biodiesel simulation study, an error in the boiling point value will imply erroneous prediction for other properties, e.g., critical properties. This fact will lead to erroneous results when properties e.g., viscosity and density are calculated using equations and correlations incorporated in the commercial simulators.
In this sense, the results reported in this work constitute a necessary contribution for biodiesel representative compounds characterization in simulation packages and therefore for obtaining more accurate simulation results.
Conclusions
The measure of some triacylglycerols and ethyl esters boiling points at 709.20 mm Hg and normal boiling points was accomplished in this work. Additionally, the accuracy of the TGA method for determining the boiling point of organic compounds using two substances with known boiling point was validated. The results showed that the use of Gani method for the calculations of ethyl esters normal boiling points gives acceptable results. In this study, it is reported an ethyl ricinoleate normal boiling point, which is not available in the Aspen plus V7 compounds database either in the open literature. Also, it was demonstrated that high errors are encountered in the normal boiling point of triacylglycerols reported in the Aspen plus compounds database and when the Gani and Joback methods are used for estimating the normal boiling point of these substances.
The previous facts constitute an important advance for the characterization of biodiesel representative compounds in simulation packages; therefore, the results obtained in this work are a necessary contribution that will support the proposal, analysis, and evaluation of ethyl esters (biodiesel) virtual plants using reliable simulation packages.
